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In t roduct ion  

Solvent-induced a s soc ia t ion  ( a  conformational change) of severa l  high- 
v o l a t i l e  bituminous coa l s  waa observed i n  hot to luene ,  hot chlorobenzene. and 
cold pyr id ine .  ' 9  

is due t o  two concerted processes: breaking secondary in t e rac t ions  o r i g i n a l l y  
present  and forming new secondary i n t e r a c t i o n s  in  a lower f r e e  energy s t a t e .  
This implies t ha t  a s soc ia t ive  e q u i l i b r i a  between coal molecules w i l l  e x i s t  i n  
so lvents .  
intermolecular i n t e rac t ions  is  inves t iga ted .  

It was proposed t h a t  t he  solvent-induced conformational change 

I n  t h i s  paper.  t h e  rank dependence of the a s soc ia t ive  e q u i l i b r i a  and 

Experimental Section 

A l l  ACS and HPLC grade chemicals were used without f u r t h e r  pu r i f i ca t ion .  
coa l  samples were obtained from Exxon Research and Engineering Co., and the  
Pennsylvania S ta t e  Univers i ty  Coal Bank. Their elemental analyses were reported 
i n  the  previous p8per.l 
atmosphere. 

The 

Coal samples were ground and s i f t e d  under a n i t rogen  
Minus 6 0  mesh p a r t i c l e s  were used in the experiments. 

Approximately 2 to 5 g of each coa l  sample were placed i n  a 250 mL f l a s k  in 
100 mL of pyr id ine  and e i t h e r  s t i r r e d  a t  room temperature or refluxed (115OC) 
under dry N2 i n  an o i l  bath. 
r o t a r y  evapora tor ,  mixed with methanol, f i l t e r e d ,  and rinsed with methanol 
s eve ra l  times. The coa l  was then d r i ed  t o  constant weight in the vacuum oven st 
50'C. Another s e r i e s  of samples was f i b t e r e d  and the wet res idues  promptly 
Soxhlet-extracted.  

One s e r i e s  of cooled samples was dr ied  us ing  a 

The Diels-Alder r eac t ion  has been reported. '  Maleic anhydride adducts formed 
using phenol solvent were p rec ip i t a t ed  in  methanol, f i l t e r e d ,  and then Soxhlet- 
ex t r ac t ed  wi th  methanol f o r  24 hrs.  i n  order  t o  e l imina te  by-products formed by 
r eac t ions  of maleic anhydride and phenol before  removal of non-reacted maleic 
anhydride by Soxhlet ex t rac t ion  with H20. The by-products were e a s i l y  ex t rac ted  
wi th  methanol, which was v e r i f i e d  by using a blank experiment without coal.  The 
major molecular masses of by-products from coa l ,  and those obtained us ing  the 
blank experiment, were the same: 270, 322, and 362. Inf ra red  spec t ra  and X-ray 
d i f f r a c t i o n  s tud ie s  were car r ied  out as previously described. 

Resul t s .  and Discussion 

Pyridine e x t r a c t a b i l i t y  r e c t i l i n e a r l y  Increases up to ca. 87 wLX C coal 
(named here as A-region), then decreases sharply with rank (87-90 w t l  C: 
B - r e g i ~ n ) . ~  
ex t r ac t ed .  

At s t i l l  higher rank (>90 w t l :  C: C-reqion), only a few percent is 
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I '  

Pyridine ex t r ac t ion  r a t e  was compared f o r  each region coal.  and se l ec t ed  
r e s u l t s  are shown i n  Figure 1. A-region coa l  was promptly ex t r ac t ed  wi th in  one 
or two days, while more than seven days were required f o r  the ex t r ac t ion  of 
B-region coal t o  be completed under the same condi t ions .  C-region coal y i e l d s  
ex t r ac t  slowly, and the  u l t imate  e x t r a c t a b i l i t y  is  very  small. 

Pyridine e x t r a c t a b i l i t y  of the A-region coal was g rea t e r  a t  the bo i l ing  point 
(115'C) than a t  room temperature,' but ex t r ac t ion  y i e l d s  of the  A-region coa l  a t  
115°C and a t  180°C were s imi la r .3* '  
B-region coal a t  180°C is much g rea t e r  than tha t  a t  115'C.4 

However, pyr id ine  e x t r a c t a b i l i t y  of t he  

Since it was f i r s t  reported by Harger and I l l i n g w ~ r t h ~ , ~  t h a t  coa ls  preheated 
a t  200 t o  400'C i n  an i n e r t  atmosphere g ive  much higher y i e lds  of ex t r ac t  than 
unheated coa ls ,  the preheating e f f e c t  has been inves t iga ted  by seve ra l  groups, 
and recent ly  reviewed.' Solvent e x t r a c t a b i l i t y  increases  with preheating t e m -  
pe ra tu re ,  reaches a maximum, and then However, t he  pyridine and 
chloroform ex t r ac t ion  y i e lds  of the A-region coal were only s l i g h t l y  increased by 
preheating t o  300°C. while t he  B-region coa l  was much more ex t r ac t ab le  a f t e r  
preheating a t  temperatures below 300"C.3 The dependence of the  preheating e f f e c t  
on coal rank was recent ly  s tud ied  by prehea t ing  a t  250°C f o r  24 hrs.' The e f f e c t  
was highly rank-dependent. Tetrahydrofuran ex t r ac t ion  y i e lds  of higher-rank 
coa ls  increased a f t e r  prehea t ing ,  while those of lower-rank coa ls  decreased. 
These da ta  show tha t  A and B-region coa ls  d i f f e r  in t h e i r  response t o  heating. 

Heating the  A-region coal a t  115°C i n  chlorobenzene f o r  seven days caused a 
decrease i n  pyridine ex t r ac t ab i l i t y . '  
B-region coa l ,  PSOC-1300 (89.9% C), in t h i s  study, but the pyr id ine  ex t r ac t ion  
y i e ld  (24 h r s )  of t h i s  t r ea t ed  coal increased  t o  18 w t %  from 7 ut%. 
shows the  change in pyridine ex t r ac t ion  y i e lds  caused by soaking coal i n  pyridfne 
a t  the  boi l ing  point f o r  seven days for var ious  A- and B-region coals.  
pyr id ine  e x t r a c t a b i l i t i e s  of coa ls  d r i ed  a f t e r  soaking in pyr id ine  at room 
temperature f o r  one day are  a l s o  included in t h i s  f igure .  Pyr id ine  e x t r a c t a b i l i -  
t i e s  of the B-region coals s i g n i f i c a n t l y  increased a f t e r  soaking in pyr id ine  st 
the  bo i l ing  point f o r  seven days cont ra ry  t o  those of t he  A-region coals. Pyri- 
dine e x t r a c t a b i l i t i e s  of the coa ls  d r i ed  a f t e r  soaking in pyr id ine  a t  room 
temperature decreased f o r  the  A-region coa ls .  but s l i g h t l y  increased  f o r  the  
B-region coals.  
B-region coa ls  a f t e r  treatment with pyr id ine  and chlorobenzene r e s u l t  in  
opposites.  

The same so lvent  treatment was given to  a 

Figure 2 

The 

These da t a  show tha t  the  pyr id ine  e x t r a c t a b i l i t i e s  of t h e  A- and 

Aggregations are seen in  phase separa t ion  phenomena such a s  p rec ip i t a t ion ,  
ge l a t ion ,  and c rys t a l l i za t ion .  
from a pyridine so luble  Soxhlet-extract  a t  room temperature. 
from the A-region coal did not form p r e c i p i t a t e s  a f t e r  240 hrs .  while those from 
the B- and C-region coa ls  yielded p r e c i p i t a t e s  amounting t o  between 10 and 30 w t %  
of the  ex t r ac t .  In the present study, the  pyr id ine  e x t r a c t  of an A-region coa l ,  
psoc-1336 (84.1% C), vas  concentrated,  f i l t e r e d ,  and held a t  room+temperature 
under nitrogen. 
t a t e  a f t e r  14 days,  while the  e x t r a c t  with concent ra t ion  of 55.3 mglcm' p rec ip i -  
t a t ed  0 . 5  w t %  of the ex t r ac t  a f t e r  5 days. The p rec ip i t a t e  could be e a s i l y  seen 
at the bottom of a f l a sk .  Concentrated pyr id ine  e x t r a c t s  of o the r  A-region 
coa ls ,  I l l i n o i s  No. 6 (79.92 C) and Pi t t sburgh  No. 8 (83.8% C),  a l so  formed 
p rec ip i t a t e s  i f  t he i r  concentration were more than 100 mg/cn3. van Krevelen's 

Dormans and van Krevelen' s tud ied  p rec ip i t a t ion  
Pyr id ine  e x t r a c t s  

The ex t r ac t  wi th  concentration of 13.4 mg/cm3 showed no prec ip i -  

suqgests tha t  h i g h  temperature (Soxhlet ex t r ac t ion )  extrac:s of the B- and 
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C-region coals  e a s i l y  a s soc ia t e  a t  low (room) temperature.  
shows t h a t  high temperature e x t r a c t s  of t he  A-region coa l  do not associate  a t  low 
temperature when d i l u t e d ,  but concentrated e x t r a c t s  do tend to a s soc ia t e .  

The present  work 

A l l  of the above d a t a  a re  summarized i n  Table I. These da t a  can be under- 
stood a s  the r e s u l t  of change of the equi l ibr ium s t a t e  of coal molecules i n  
solvents .  The a s s o c i a t i v e  e q u i l i b r i a  seem to  be h igh ly  rankdependent .  

From the  above r e s u l t s ,  i t  is suggested t h a t  e x t r a c t a b i l i t y  may be control led 
by the  equi l ibr ium s t a t e  between a solvent  and coal .  This  is anendable to a 
quan t i t a t ive  treatment.  

Assume that  a complex A * B  e q u i l i b r a t e s  with each component A and B i n  a 
solvent.  

u1 

u -  1 
A-B - 7 A + B  (1) 

I f  the complex A - B  is not  ex t r ac t ab le ,  components A and B a re  ex t r ac t ab le  with a 
solvent ,  and the r a t e  U i  is much g rea t e r  than the r a t e  U - l ,  t he  ex t r ac t ion  r a t e  
of each component i s  given as  

where E and E, are concentrat ions (or ex t r ac t ion  y i e l d s )  given a s  follows 
u1 

A*B - A + B 
v - 1  

E, 0 0  a t  i n i t i a l  t i m e  
&-E E E  at  time t 

Therefore ,  an e x t r a c t i o n  y i e ld  a t  given time is 

( 3 )  

where E-and k l  a r e  regarded as  an ul t imate  ex t r ac t ion  yield and an ex t r ac t ion  
r a t e  constant ,  r e spec t ive ly .  
t h e  ex t r ac t ive  d i s i n t e g r a t i o n  of bituminous coa l s  a t  h igh  temperatures (150 to 
350°C) i n  an anthracene o i l  and 6-naphthol. They assumed a zero order process  
f o r  a forward d i s i n t e g r a t i o n  a t  the i n i t i a l  s t e p  and a d d i t i o n a l l y  a f i r s t  order  
process f o r  a backward in t eg ra t ion  when e x t r a c t i o n  proceeds. Equation (4) is a 
f i r s t  order  r a t e .  
E2 at two d i f f e r e n t  t imes t ,  and t 2 ,  

A similar equat ion was der ived by Oele et a l e 9  fo r  

The r a t e  constant kl i s  determined by ex t r ac t ion  y i e lds  EL and 

E-Ei 
In - 

Em- Ep ( 5 )  

t 2 - t 1  
k l  - 

or by measurement of  increment of ex t r ac t ion  by half  (7) 

I n  2 
k l  - - 

r 
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Calculated values using Equation (4) a re  shown i n  Figure 1 as well as exper i -  
mental r e su l t s  f o r  e x t r a c t a b i l i t y  versus  ex t r ac t ion  time. Ext rac t ion  r a t e  can be 
approximated by using Equation (4). Therefore,  the d i s s o c i a t i o n  of the coal-coal 
i n t e rac t ions  can be thought of the  major r a t e  determining s t e p  i n  an ex t r ac t ion  
Process. The slow r a t e  of Soxhlet ex t r ac t ion  is a t t r i b u t e d  t o  the  slow d i s soc ia -  
t ion  (small  k l )  of aggregated c lus t e r s .  The s t ronger  the  phys ica l  i n t e rac t ions  
a re ,  the smaller w i l l  be the r a t e  cons tan ts  k i -  The poorer so lvents  a re  f o r  t he  
ex t r ac t ,  the  smaller r a t e  cons tan ts  kl w i l l  be. I n  t he  case  of very amall r a t e  
cons tan ts ,  high temperature could be required t o  overcome the  ac t iva t ion  energy 
t o  allow d issoc ia t ion  of components. 

Since high temperatures and good so lvents  a re  apparent ly  needed t o  d i s soc ia t e  
the aggregated c lus t e ra  in  the  B- and C-region coa ls  (Table I ) .  chemical r eac t iv -  
i t y  f o r  these coa ls  should be promoted a t  t he  higher temperatures and good so l -  
vents which lead t o  d i s soc ia t ion ,  while t ha t  for the A-region coa l  should not be 
enhanced even a t  the  same condition. The Diels-Alder r eac t ion  has been u t i l i z e d  
to  weaken the in t e rac t ion  between polynuclear aromatics in coals.' * l o  In t h i s  
work, maleic anhydride was reacted wi th  each region coal in phenol a t  115 and 
180°C, and the product was pyridine-extracted. '  ,lo 
18OoC was observed f o r  a l l  coa ls .  bu t  the  increases  f o r  B- and C-region coa ls  
were much grea te r  than t h a t  of the  A-region coal.  
increased by 1/3. while the  B- and C-region e x t r a c t a b i l i t i e s  increased by f a c t o r s  
of 7 and 15, respec t ive ly .  The enhancements of pyr id ine  e x t r a c t a b i l i t i e s  f o r  t h e  
B- and C-regions coa ls  were p a r t i c u l a r l y  remarkable aa compared wi th  the  r e s u l t s  
obtained by using s chlorobenzene so lvent  (115OC). 

Increased e x t r a c t a b i l i t y  a t  

A-region e x t r a c t a b i l i t y  

The I B  absorptions between 1700 and 1750 cm-' assigned t o  carbonyl v ib ra t ions  
in maleic anhydride adducts a r e  shown in Figure 3 for a s t a r t i n g  C-region coa l ,  
PSOC-688 (92.0IC), and its maleic anhydride adducts reac ted  under various condi- 
t ions .  These r e s u l t s  demonstrate more maleic anhydride incorpora t ion  a t  h igher  
temperature, although the  Diela-Alder reac t ion  is reve r s ib l e  and low temperatures 
a re  prefer red  f o r  adduct formation. Pyridine is  a good so lvent  but cannot be 
used f o r  t h i s  reac t ion ,  because t h i s  so lvent  ca ta lyzes  the  polymerization of 
maleic anhydride.'O 
d issoc iab le  a t  high temperature play an important s t r u c t u r a l  r o l e  in the B- and 
C-region coals and is  respons ib le  f o r  the d i f f e rences  in  behaviors ahown in Table 
I f o r  each region coal.  

These r e s u l t s  suggest t h a t  the in te rmolecular  i n t e rac t ion  

Figure 4 shows the  change in the  X-ray d i f f r a c t i o n  to021 band caused by 
reac t ion  with maleic anhydride. This band is due t o  the  p a r a l l e l  stacking of 
aromatic systems.'l 
of the PSOC-668 reacted i n  chlorobenzene a t  115OC was i d e n t i c a l  with tha t  of 
s t a r t i n g  coal. The p a r a l l e l  s tack ing  was obviously reduced a f t e r  the maleic 
anhydride reaction i n  phenol a t  180°C. This r e s u l t  implies t ha t  the incorpora- 
t ion  of maleic anhydride decreases the number of face-to-face aromatic s tacks .  
and tha t  the face-to-face in t e rac t ion  may be respons ib le .  i n  p a r t ,  f o r  the  as8oc- 
i a t ion  i n  high-rank coal.  

The magnitude and h a l f r i d t h  of t he  maleic anhydride adduct 
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'Sable I. Differences in Behaviors in Extraction. Soaking, and Sitting Extract 
for Each Region Coal. 

Pc (daf) 
A B Ca 

<8 7 87-90 >90 

1.Pyridine extraction rate fast slow 

2.Temperature (115OC 6 180OC) effect small large 
on pyridine extraction 

3.Preheating (200-4OOOC) effect on small large 
pyridine extraction 

4.Imersion in pyridine and removal of decrease in increase in 
the solvent before pyridine extraction extractability extractability 

5.Soaking in hot toluene or chlorobenzene decrease in increase in 
before pyridine extraction extractability extractability 

6.Precipitation of Soxhlet pyridine no precipitation 
extracts at room temperature precipi tationb \ 

aDifferences are very samll because of very small ultimate extractability. 
bPrecipitation occurs only at high concentration. 
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40 a 

0 2 4 6 8 1 0  1 2  
Extraction Time (Day) 

Figure 1. Pyridine extractability versus extraction time. Key: (0) Illinois 
NO. 6 (79.98C) (L - 31.2, kl - 2.3), (A) PSOC-1336 (64.1%C) (Em - 32.8. 
kl - 2.3), (0) PSOC-1300 (89.98C) (E- - 29.0. kl - 0.26). and (0) 
PSOC-688 (92.0%C) (E- - 2.7, k1 - 0.43). 

a- 
0 

m m cn 
m c 
0 

15 1 9 I 
/ t  

-15 t 8 , ,  
2 4 6 0 0 

Period‘in Days of Soaking in Pyridine 

Figure 2. Changes of pyridine extractabilities of the A and 8-region coals 
immersed in pyridine at the boiling point €or seven days and their dried 
coals after immersing in pyridine at room temperature for one day. Key: 
( A )  PSOC-991 (89.4%C), ( 0 )  PSOC-1300 (89.99C). (0) PSOC-721 (88.5%C), (m) 
illinois No. 6 (79.9%C;, (0) PSOC-i336 (Si.l%C), and (i) Pitcsburgh No. 8 
183.36C). 
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Wavenumbers (cm-9 

the  carbonyl  groups of (A) s t a r t i n g  c o a l  and maleic anhydride adducts  of 
PSOC-688 r e a c t e d  under s e l e c t e d  so lvents  and temperature. Condi t ions o f  
Diels-Alder  r e a c t i o n :  ( B )  in chlorobenzene a t  115'C. (C) in phenol a t  
115'C. (D) i n  phenol a t  lEO'C, and (E) i n  1.2-dichlorobenzene a t  180°C. 

Figure 3: Overlay photoacoust ic  i n f r a r e d  Fourier  t ransform s p e c t r a  ass igned to 

20 40 60 80 0 

29 
Figure 4. X-ray d i f f r a c t i o n  p a t t e r n s  o f  [ O O Z ]  band of maleic anhydride adducts 

o f  PSOC-688 r e a c t e d  (A) i n  chlorobenzene a t  115'C and (B) in phenol a t  
180'C. 
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